The pyrolysis of 2,5-dimethylfuran has been studied in a single pulse shock tube equipped with fast probing device at temperatures between 1175 K and 1450 K and pressures of 8.0±0.5 bar. The initial concentration of 2,5-dimethylfuran diluted in argon (500 ppm) was much lower than in previous studies reported in the literature. Sixteen different product species were quantified by gas chromatography. The product distribution pattern was compared with the prediction of two comprehensive chemical kinetic reaction mechanisms taken from the literature. In general, the predictions of the mechanisms fit the results of the experiments; however, the comparison reveals some differences between the two mechanisms as well as between simulations and experiments.
Introduction
2,5-Dimethylfuran (2,5-DMF), a possible second generation biofuel, has got some attention lately. It can be obtained from sugar, namely fructose, via two catalytic hydrolysis steps [1] . The properties of 2,5-DMF are superior to ethanol, the only biofuel used in transport in high quantities nowadays, besides bio-diesel derived from vegetable oils or animal fats. Among those qualities are a higher energy density, a higher research octane number (RON), and a virtual insolubility in water [2] .
Several studies of 2,5-DMF pyrolysis and combustion, both theoretical and experimental, have been undertaken, especially in the last years (e.g. Friese et al. [3] ). Sirjean et al. [4] gave a comprehensive overview over the results published earlier by different groups.
Product distribution patterns from single pulse shock tubes are valuable data for the validation of reaction mechanisms. Applying the single pulse shock tube technique, the pyrolysis of 2,5-DMF was studied by Lifshitz et al. [5] and by Somers et al. [6] .
In their experiments, Lifshitz et al. covered the temperature range from 1070 K to 1370 K at pressures between 2 and 4 bar, with initial concentration of 5000 ppm 2,5-DMF. They identified and quantified a large number of pyrolysis products. For temperature calibration, Lifshitz et al. used the decomposition reaction of 1,1,1-trifluorethane (1,1,1-TFE) to 1,1-difluorethene and hydrogen fluoride.
Quite recently, quantum chemistry calculations by Sirjean et al. [4] of the decomposition reaction of 1,1,1-TFE indicate that the rate coefficient used by Lifshitz et al. was off by a factor of 3.8 at 1200 K and 2.5 bar. Hence, they proposed to correct the temperature range given for the decomposition of 2,5-DMF to 1125-1450 K, instead of 1070-1370 K. Somers et al. [6] covered the temperature range from 1200 K to 1325 K, and verified the temperature correction of Sirjean et al. They used an initial concentration of 30 000 ppm 2,5-DMF. The pressure behind the reflected shock was between 2 and 2.5 atm.
In the present study, also performed in a single pulse shock tube, the experimental conditions differ slightly from those of Lifshitz et al. and Somers et al., with respect to initial concentration, temperature, and pressure. The initial 2,5-DMF concentration is much lower at only 500 ppm, the temperature ranges from 1175 K to 1450 K, and the pressure behind the reflected shock is around a factor of four higher i.e. 8.0±0.5 bar.
Sirjean et al. published a chemical reaction mechanism describing the pyrolysis and oxidation kinetics of 2,5-DMF featuring 294 species and 1459 reactions [4] , below referred to as Nancy 2013. The model consists of three parts: (i) a base mechanism originally designed for describing the combustion of toluene; (ii) the primary mechanism dealing with the consumption of 2,5-DMF; and (iii) a secondary mechanism for products formed in the primary mechanism and not included in the base mechanism. The initial steps of the 2,5-DMF pyrolysis include carboncarbon and carbon-hydrogen bond fissions in the methyl groups as well as ring opening and formation of carbonic species by intramolecular hydrogen atom or methyl group transfer. The Nancy 2013 model is based on quantum chemical calculations and was validated by comparison to ignition delay time measurements and to the temperature corrected single pulse measurements of Lifshitz et al. [5] .
The second reaction mechanism of 2,5-DMF combustion considered in the present work was published by Somers et al. [6] , below referred to as Galway 2013. The Galway 2013 mechanism contains 545 species and 2768 reactions. The mechanism was validated by comparison to measurements of (i) ignition delay times determined in a low as well as in a high pressure shock tube; (ii) laminar burning velocities measured in a flat-flame burner; (iii) species profiles obtained by jet-stirred reactor and single pulse shock tube experiments. Note that the more recent changes to the reaction mechanism published in a study on 2-methylfuran [7] have very little impact on the simulation results shown in the current work. Therefore the results are not included within the present work. For more details, refer to [8] .
Experimental
The pyrolysis of 2,5-dimethylfuran was investigated in a single pulse shock tube behind reflected shock waves at temperatures between 1175 K and 1450 K and at pressures of 8.0±0.5 bar. The results of these experiments are product distribution patterns of the 2,5-DMF pyrolysis -about 16 species up to toluene -obtained by fast probing followed by GC/MS analysis.
Single pulse shock tube
All experiments were performed in the stainless steel single pulse shock tube of DLR Stuttgart's Institute of Combustion Technology. The length of the driven section is 489 cm, the driver section's length is adjustable and was fixed mostly at a length of around 240 cm. An intermediate section of 10 cm length is located between the driver and the driven section. The inner diameter of all three parts is 4.6 cm. The sections are separated by aluminum membranes (thickness 150 μm).
Prior to the shock initiation, the intermediate volume was pressurized up to half of the final driver pressure. Helium was used as driver gas. The shock was initiated by releasing the pressure of the intermediate volume resulting in successive bursting of both membranes. This method allows for a better control of the initial temperature and pressure at successive experiments. The whole apparatus can be heated to 473 K to prevent condensation. For all experiments of the present work, the temperature of the tube was adjusted to 393 K. The velocity of the incident shock was measured by eight piezo electric pressure transducers (PCB type: 112A05) along the shock tube. The temperature and pressure behind the reflected shock ( 5 , 5 ) were calculated using the RankineHugoniot equations; for details, see [9, 10] . 
Test gas mixtures
The test gas mixtures consist of around 500 ppm 2,5-dimethylfuran and 2000 ppm of xenon diluted in argon (supplied by Linde Gas with a purity of 99.9999 %). Xenon works as an internal standard for the analysis of the sample. The 2,5-dimethylfuran (distributed by VWR with a purity of 99 %) was distilled prior to use. A mixture of xenon (4950 ppm diluted in Argon) was supplied by Linde Gas. The mixtures were prepared in a stainless steel vessel at 393 K and allowed to mix for at least three hours. The mixtures' integrity was checked by GC/MS-analysis.
Analytic facilities
The gas samples resulting from the single pulse experiments were analyzed using a gas chromatograph combined with a mass spectrometer as detector (GCMS-QP2010 Plus, Shimadzu). Helium (ECD grade, delivered by Linde Gas) was the carrier gas, xenon the internal standard. Two different columns were applied to separate the sample: The Zebron column (ZB-WAXplus) by Phenomenex, and the GS-GASPRO column by J&W Scientific for C 2 -C 8 species and CO, respectively. The sample was injected into the GC via gas tight syringes. The syringes were stored at 383 K prior to use to avoid condensation.
The chemicals used to calibrate the GC/MS were provided by different suppliers: Linde Gas delivered ethane, ethene, ethyne, propene, propyne, allene, 1-butene, 2-butyne, 1,3-butadiene, and but-1-en-3-yne, all of them diluted in ni-trogen to a concentration of around 500 ppm. Also from Linde Gas, pure carbon monoxide 99.997 % was obtained. 2-Methylfuran 99 % was delivered by Aldrich.
1,3-Cyclopentadiene was synthesized by cracking dicyclopentadiene at 450 K and separated by distillation from the educt. 1,3-Butadiyne was freshly synthesized from but-2-yne-1,4-diol via 1,4-dibrom-but-2-yne [11, 12] .
Temperature calibration
Of course, as in all single pulse shock tubes, the sample obtained from the tube is a mixture both in time and space. The temperature 5 is only valid in the center of the tube and not near the walls and only in the instant directly after the shock. For the chronological variance of the temperature we use temperature profiles (see section simulation). The spatial distribution of the temperature cannot be resolved making a temperature calibration necessary. The wanted calibration function The thoroughly investigated decomposition of dinitrogen monoxide (N 2 O),
was used as an external chemical thermometer. The rate coefficients for (R1) were taken from Frank et al. [9] and for (R2) from Tsang et al. [13] , respectively:
where expressed in units of kJ mol
Comparison of the experimental values with the simulations (see section simulation procedure) of the decomposition of dinitrogen monoxide were used to identify the parameters of a calibration function and . The final calibration function reads as:
for * 5 ≤ 1700 K
where * 5 is the calibrated temperature behind the reflected shock.
All species profiles will be plotted as a function of * 5 in the present work. Note that * 5 represents only the initial value of a temperature profile * 5 = ( = 0).
Simulation procedure
For simulations of the experiments with detailed chemical kinetic reaction mechanisms, an adaptation [14] of the SENKIN code of the CHEMKIN II program suite was used [15] . In addition, Chemical Workbench from KINTECH Laboratory was used for reaction path analysis [16] .
For each simulation, the measured pressure profile (Figure 3 ) of the corresponding experiment was used as an input. The calibrated temperature * 5 is then taken as an initial value ( = 0) for a temperature profile ( ) derived by adiabatic isentropic compression from the measured pressure profile. The maximal value of the temperature max ( ) can be up to 4 % higher than the initial value ( = 0), the lowest temperature at the end of the reaction time is usually around 3 % lower than the initial temperature. Like in the paper of Hidaka et al. [17] a reaction time for the simulation of each experiment was identified. The time between the arrival of the reflected shock at the fast probing device and the intersection of the pressure at this time with the tangent on the steepest slope of the pressure profile (Figure 3 ) proved to be a good criterion for the reaction time estimate. It is of course possible to extend the simu- lation to longer times and take the complete cooling phase into account; however, the change in concentration of the considered stable species is insignificant.
Results and discussion
In the present work, the pyrolysis of 2,5-dimethylfuran was studied at combustion relevant temperatures and elevated pressures. The resulting product distribution pattern measured and analyzed by GC/MS was compared to the prediction of two different chemical kinetic reaction models from the literature [4, 6] as mentioned earlier.
The results from the gas analysis are normalized to the initial concentration of 2,5-DMF, in order to compare the results of different mixtures at slightly different initial concentrations (full diamonds in the graphs). The dead volume existing between tube and fast valves requires a correction with respect to the exact concentration of the educt and the product species, as described below. At the beginning of an experiment, the dead volume, being open to the shock tube, is filled with test gas. This test gas has no direct contact to the shock and is therefore assumed to be unaltered within the course of an experiment. During probing, this gas is pressed into the probing volume. With all volumes and pressures known, it is possible to calculate and correct for this effect (open diamonds in the graphs).
The dead volume correction effectively decreases the residual 2,5-DMF concentration, thus increasing the product concentrations as the sample is diluted by the gas in the dead volume containing unreacted 2,5-DMF. The assumption made in this correction (the gas in the dead volume does not react at all) may lead to an overestimation of the effect; thus, both the corrected (open diamonds) and the unaltered (full diamonds) values are shown in the graphs as upper and lower limits. The overestimation can be seen in Figure 4 where the dead volume correction leads to negative values.
The measurement uncertainties of the present work were estimated for all experiments. Results of this analysis are included in the figures as error bars, as shown in Figures 3-16 and 18-21 for three temperatures. The error bars given in the ordinate (concentration) include uncertainties in the initial concentrations of 2,5-DMF and xenon, in the calibration of the analytical system as well as uncertainties in the evaluation of the spectra of the gas sample. The error bars given in the abscissa (temperature) include the uncertainty in the measurement of the shock velocity. [6] and Nancy 2013 (triangles) [4] .
For each experiment, the result of the simulations of the two considered reaction mechanisms are denoted in the plots by symbols. The lines in the graphs are only guide lines derived from best fits to the simulation results. [6] and Nancy 2013 (triangles) [4] . [6] and Nancy 2013 (triangles) [4] .
Simulations of the decomposition of 2,5-DMF (Figure 4 ) with both mechanisms used, Galway 2013 and Nancy 2013, show good agreement with the experimental values. In both mechanisms, the main degradation pathways of 2,5-DMF under the current conditions are: (i) the hydrogen abstraction from the methyl group to form 5-methyl-2-furanyl-methyl radical, (ii) the ring opening leading to 3,4-hexadiene-2-one, (iii) the addition of a hydrogen atom at the alpha position followed by either the scission of the methyl group (ipso substitution) or (iv) the [6] and Nancy 2013 (triangles) [4] . [6] and Nancy 2013 (triangles) [4] . decomposition of the intermediate radical to form 1,3-butadiene and an acetyl radical. For reaction schemes, see [4, 6] .
Carbon monoxide is the main oxygen containing product species in this study. The formation of carbon monoxide ( Figure 5 ) is underestimated slightly by both mechanisms, over the whole temperature range. The simulations are in very good agreement with each other. [6] and Nancy 2013 (triangles) [4] .
The only other oxygen containing species found was 2-methylfuran which is only a minor component under the conditions in this study. The oxygen balance is 93.4 ± 5.4 %.
Ethyne (acetylene) ( Figure 6 ) and ethene ( Figure 7 ) are main products of the 2,5-DMF pyrolysis. Both mechanisms show the same tendency as the experimen- [6] and Nancy 2013 (triangles) [4] .
tal values but underestimate the production of ethyne and ethene at higher temperatures. The predictions of Galway 2013 are reproducing the experimental findings with respect to these two species better than the predictions of Nancy 2013.
Moreover, both mechanisms are in very good agreement with the experimental results for ethane (Figure 8 ) produced during the 2,5-DMF pyrolysis.
For but-1-en-3-yne (Figure 9 ), the prediction of Nancy 2013 is in good agreement with the experimental values. Galway 2013 reproduces the but-1-en-3-yne [6] and Nancy 2013 (triangles) [4] . [6] and Nancy 2013 (triangles) [4] .
formation at lower temperatures as well as Nancy 2013, but overestimates concentrations at high temperature including the peak value. This tendency can also be observed for 1,3-cyclopentadiene ( Figure 10 ). The position of the maximum is in good agreement with Nancy 2013, the concentration is slightly overpredicted.
Galway 2013 matches the slope well up to a temperature of 1300 K but the maxi- [6] and Nancy 2013 (triangles) [4] . [6] and Nancy 2013 (triangles) [4] . [6] and Nancy 2013 (triangles) [4] . mum is shifted towards higher temperatures. At high temperature, about 1450 K, the main production pathway of 1,3-cyclopentadiene in Galway 2013 is the decomposition route via phenol under scission of carbon monoxide which was studied theoretically by Xu et al. [18] . In the Nancy 2013 mechanism, phenol leads mainly to the phenoxy radical which can isomerize to a bicyclic compound. This pathway leads to 1,3-cyclopentadiene, under carbon monoxide scission, but its contribution is of minor importance, according to reaction rate analysis. The major reac- [6] and Nancy 2013 (triangles) [4] . [6] and Nancy 2013 (triangles) [4] .
tants for the production of 1,3-cyclopentadiene in Nancy 2013 are cyclopentenyl isomers. In terms of consumption of 1,3-cyclopentadiene, hydrogen abstraction reactions leading to the 1,3-cyclopentadienyl radical are dominating. Summarizing, the Nancy 2013 implementation of 1,3-cyclopentadiene kinetics seems to be valid in the context of 2,5-DMF-pyrolysis.
The graph of 1,3-butadiyne ( Figure 11 ) shows good agreement of the results of the experiments with those of the simulations. Above 1400 K, both reaction models tend to overestimate the concentrations measured.
Although Nancy 2013 predicts the maximum concentration of the minor products of the 2,5-DMF pyrolysis, propyne and allene, around 1400 K in accordance with experiments ( Figures 12 and 13) , it underestimates the total yields. Galway 2013, on the other hand, is somewhat closer to the absolute yield, but does not capture the profile. The production of 1,3-butadiene ( Figure 14 ), 2-methylfuran ( Figure 15 ) and 2-butyne (Figure 16 ), is overestimated by both reaction mechanisms at their maximum concentration. However, both mechanisms reproduce the temperatures of the experimental maximum yields fairly well. The pathways leading to these species are closely linked to each other, as shown in Figure 17 , indicating the need for some adjustments to the branching ratios.
For the alkenes propene ( Figure 18 ) and 1-butene (Figure 19) , experimental values are much better matched by Galway 2013. Although Nancy 2013 describes well the position of the maximum, it underestimates the product yield over the whole temperature range.
Benzene, an important soot precursor, is well predicted at lower temperatures by both mechanisms, as can be seen in Figure 20 . For temperatures above 1350 K, the differences between simulations and experiments get larger. Toluene ( Figure 21 ) is only a minor component in the pyrolysis of 2,5-DMF. Nevertheless, because of its very high sensitivity in GC/MS analysis, such low concentrations are quantified exactly and revealed some remarkable differences: The Nancy 2013 mechanism is in good agreement with the experimental results. According to our reaction path analysis, most of the toluene is formed from phenol via:
C 6 H 5 OH + CH 3 → C 6 H 5 CH 3 + OH [19] .
(R3)
In the Galway 2013 mechanism, this pathway is not included. The most important pathway there proceeds via the reaction of 1,3-butadiene and the propargyl radical according to C 4 H 6 + C 3 H 3 → C 6 H 5 CH 3 + H [20] , (R4) leading to an overestimation of the toluene production. This pathway, currently discussed as a possible important pathway to precursors of soot [21] , is not included in the Nancy 2013 model. The pyrolysis of diluted mixtures of 2,5-DMF was studied in the present work by a combination of single pulse experiment and modeling, at temperatures between 1175 K and 1450 K and pressures around 8 bar. Sixteen product species were identified and quantified by GC/MS analysis. With respect to the main products, the two literature reaction mechanisms Nancy 2013 [4] and Galway 2013 [6] are in good agreement with the experimental results. For some species, such as ethene, ethyne, and propene, the Galway 2013 mechanism shows a better performance.
At lower temperatures, the Galway 2013 mechanism matches the species profiles of but-1-en-3-yne, 1,3-cyclopentadiene, propyne, and allene but fails to predict their maximum yields correctly, whereas the predictions by the Nancy 2013 mechanism shows a better agreement with respect to the position of the maximum.
For both reaction models, the concentration of the products derived from hydrogen atom addition to 2,5-DMF -1,3-butadiene, 2-methylfuran, and 2-butyneare overpredicted at the maximum value.
For several minor products, e.g. toluene and 1,3-cyclopentadiene, the simulations based on the mechanisms Nancy 2013 and Galway 2013 show significant deviations from the experimental findings of the present work.
